Research was conducted to develop plunge test procedures to evaluate the thermal sensitivity of recessed, flush and concealed (RF&C) sprinklers. Such sprinklers cannot be assumed to be covered directly by the RTI concept, primarily developed for sprinklers fully exposed to the hot gas flow generated by a fire. The first phase of the study was to determine the performance of RF&C sprinklers in full scale fire tests. Fifteen full-scale fue tests were conducted. Using a thermal response model, it was possible to determine which of the RF&C sprinklers had thermal sensitivities consistent with IS0 sensitivity requirements for fully exposed sprinklers. Plunge tests were then conducted in the Factory Mutual Research Corporation plunge test tunnel with the sprinkler models used in the fire tests. A special plate to mount the recessed, flush and concealed sprinklers in the plunge test tunnel was fabricated with a closed plenum to contain the portion of the sprinklers that would typically be mounted above the ceiling in normal installation. A comparison of fire test results and plunge test results indicated that ceiling pressures generated by the fires needed to be simulated in the plunge test which was accomplished by evacuating the plenum of the mounting plate. Several combinations of plunge test temperatures and velocities, along with selected pressure differential accomplished by evacuating the plenum, were used in the plunge testing to simulate diverse ceiling flows generated by fires. It was observed that thermal sensitivity of RF&C sprinklers could be evaluated, consistent with fire test results, if maximum allowed plunge test response times were less than or equal to those determined from I S 0 thermal sensitivity limits.
INTRODUCTION
The acceptability of the thermal response characteristics of RF&C sprinklers is determined by FMRC'') and UE3' through full-scale f i e tests. In sharp contrast to these test methods, the I S 0 test method"' for standard and fast response sprinklers (pendent and sidewall) is based on a welldefined, scientifically response theory for heat responsive elements exposed directly to the hot gas flow ("fully exposed). I S 0 has adopted the Response Time Index (RTI) and the Conduction Factor (C) as the parameters controlling the thermal sensitivity of fully exposed sprinklers. Three categories of sprinklers (standard, special and fast response) have been established based on RTI and C.
The I S 0 thermal sensitivity test methods evolved from a "plunge test" method developed by Heskestad and Smith(6") at FMRC. In this method, the response time of the sprinkler was measured when the sprinkler was plunged into a heated wind tunnel with a constant temperature and velocity stream. Heskestad and characterized the thermal sensitivity of a sprinkler in terms of a single parameter. the response time index (RTI). This parameter accounted for the thermal inertia of the sprinkler and the convective heat transfer coefficient from the gas to the sprinkler. More recently, Heskestad and ill(^-'^' proposed an additional thermal sensitivity parameter, the conduction factor (C). In the new model, the time rate of rise of the sprinkler link temperature, dT/dt, depends on the two sprinkler parameters, RTI and C, the gas velocity, U,, gas temperature, T,, and the temperature of the pipe fitting, T,. The model is given in Eq. (I), where T is the sprinkler link temperature:
From a knowledge of a) the initial temperature of the sprmkler, and b) the gas velocity and temperature and the pipe fitting temperature as a function of time, the response relation Eq. (1) can be numerically integrated to determine the time at which the sprinkler link reaches the actuation temperature. The model [Eq. (I)] has been tested for steady and growing fires, for bulb and solder type sprinklers of varying thermal sensitivity and has been found to give excellent agreement with observed response RF&C sprinklers cannot be assumed to be covered directly by the RTI concept because these sprinklers may not have heat responsive elements directly exposed to the hot gas flow. Concealed sprinkler heat responsive elements are not exposed to the hot gas flow until after the cover plate has fallen off. Even after this event, the element is not directly exposed. In the case of flush (F) sprinklers, the heat responsive element could be immersed in a ceiling boundary layer of reduced temperature and velocity.
The objective of the current study"" was to develop plunge test methods to evaluate the thermal sensitivity of RF&C sprinklers. The first phase of the study was to establish the performance of RF&C sprinklers (and, for comparison, standard and QR pendent and sidewall sprinklers) in full scale fire tests. From the fire tests, it was possible to determine which of the RF&C sprinklers had thermal sensitivities consistent with IS0 requirements for fully exposed sprinklers. The second phase of the study was to determine plunge test conditions for RF&C sprinklers which would represent a wide range of fire conditions and give response results consistent with the fire tests.
FULL SCALE FIRE TESTS Test Facility and Instrumentation
Full scale fire tests were conducted within an enclosure of the same size as that used in the study in which the conduction factor, C, was introduced as a companion parameter to RTI(S-'O). The fire tests employed a test room within the "HUD" Building at FMRC. The room, as shown in Figure 1 , measured 3.66 m x 7.32 m x 2.44 m high, and was made from wood studs and '/2 in. gypsum board. There was only one opening to the room, an open door at one end. A fire source was placed near the opposite end, and ceiling sprinklers, together with associated instruments, were located at distances of 1.63 m and 4.55 m from the fire source. Each ceiling station, shown in Figure 1 , incorporated two sprinklers, screwed into steel pipe extending 0.30 m above the ceiling. In a typical fire test the sprinklers located on the west side of the measurement stations were pendent, while an RF&C sprinkler was installed on the east side. After a sprinkler had been installed for testing, the pipe to which it was mounted was filled with 100 ml of water. The sprinkler sprays occurring at actuation were sufficiently weak that no significant fire suppression or gas cooling took place. A thermocouple monitored the water temperature within the waterway of each sprinkler. In order to record actuation times of the sprinklers, 118 in. diameter tubes, connected to one side of an electronic manometer, were positioned near the top of the 0.30 m long pipes above the sprinkler. When the sprinklers actuated, the water flow was sensed as a drop in pressure by the manometer, thus providing an event marker.
Along with the two sprinklers at each ceiling station, there were two thermocouples to measure gas temperature and one bi-directional flow probe (connected to an electronic manometer) to measure gas velocity, all at a sensing level of 76 rnm beneath the ceiling. This position was approximately at the level of the heat responsive elements of the pendent sprinklers. It was observed in early fire tests that the gas temperatures measured by the two gas temperature thermocouples at each station were essentially equivalent. In addition to the instrumentation described above, a pressure port flush with the ceiling surface was placed in the center of the room. The port was connected to an electronic manometer with a 118 in. diameter line, referenced to the pressure above the ceiling.
Description of Fire Tests and Results
Sixteen fire tests were conducted in the facility described above. In all but one of these fire tests (Test 7), a 0.46 m diameter pool of heptane (3 0) floated on water (2 0) was used as a fire source. From mass loss measurements made in a previous study'"), it is estimated that the chemical heat release rate was 130 kW. In Test 7, the pan diameter was increased to 0.6 m. The position of the fire source is shown in Figure 1 .
Twelve di£€erent sprinkler models were used in this study, obtained from five different sprinkler manufacturers, including two (fully exposed) pendent sprinklers. Two of the sprinklers were recessed sidewall sprinklers. Results from tests using sidewalls will not be discussed; however, the conclusions presented here are consistent with the sidewall results given in Reference 12, along with fuller details of the program. Table 1 lists the sprinkler characteristics except for the sidewalls (E and F). In all of the fire tests, either a standard response pendent (K) or a QR pendent (L) was installed for reference. Table 2 lists the sprinklers used in each fire test, except Tests 13 and 14, in which sidewall sprinklers were installed, and Test 15 with no sprinklers installed. Table 2 also lists the response time in each test, along with the calculated response time for the (exposed) pendent sprinklers based on Eq. 1, with the measured temperatures and velocities. A l l sprinklers were installed with their frame arms parallel to the north wall (standard orientation), except as noted. In Test 15, the south wall was removed to determine the effect of the changed opening on the magnitude of the static pressure measured at the room center. Because, somewhat unexpectedly, the pressure was sigmficantly reduced, the fire test was repeated with sprinklers installed in this room configuration (Test 16).
Results for gas temperature, velocity, and sprinkler waterway temperature are similar to those observed in the study developing RTI and C'S.9). The static room pressure differential at the ceiling relative to the space above the c e h g (a continuation of the space surrounding the door opening of the test compartment) is shown in Figure 2 . The average pressure is about 0.007 mm Hg (higher below the ceiling than above). Figure 2 . Static pressure at the ceiling in the room center, Test 1.
In Test 7, the fire source was a 0.6 m heptane pool (5 0) floated on water (3 Q). The resulting pressure differential was consistent with the increased (approximately double) heat release rate. The average pressure increased to 0.013 mm Hg. In test 16, with the south wall removed, the pressure differential was signiticantly decreased compared to Tests 1 through 14, with the average pressure differential less than 0.002 m Hg.
Analysis of Fire Test Results
In order to determine if the sensitivities of the RF&C sprinklers are consistent with the allowed limits under ISO'", the response times for pendent sprinklers at the upper f i t s of RTI and C were calculated. Because the upper limit of RTI is a function of C for standard and fast response sprinklers, calculations have been made at two upper limits typical for the standard and fast response categories. For standard response, the two limits are: RTI = 350 (ms)', C = 1.0 (ds)" and RTI = 250 (ms)", C = 2.0 (mls)". For fast response sprinklers the limits are RTI = 50 (ms)", C = 0.8 ( d s ) % and RTI = 30 (ms)', C = 1.0 (ds)". These limits are established under IS0 for a standard sprinkler orientation which for sprinklers with frame arms would be with the flow perpendicular to the plane of the frame arms.
In calculating the response times at the upper sensitivity limits, the measured gas velocities and temperature, and pipe fitting temperature were used in Eq. (I) as in the calculations for the pendent sprinklers. The pipe fitting temperature, T,, was taken as the waterway temperature of the pendent sprinkler adjacent to the RF&C sprinkler. The actuation temperature for calculation of maximum allowed times was taken as the temperature rating plus 3.5% (in units of OF), the tolerance in the FMRC Approvals Standard'", nearly identical to ISO(5).
In Table 3 , the maximum allowed response times are listed for those fire tests in which the responses of the RF&C sprinkler were greater than those of the installed pendent sprinklers. Note that in Tests 9 and 12, the recessed sprinklers were installed with the plane of the frame arms parallel to the ceiling flow generated by the fie. This is defied under I S 0 as the worst case condition. For Test 9, a calculation was made for an RTI of 125 (m.s)" and a C of 2.0 (ms)", corresponding to the I S 0 upper RTI h i t for fast response in the worst case ~rientation'~). In Test 12 an RTI of 600 (ms)" and a C of 5.0 (ms)" were used in the calculations, corresponding to the RTI limit for standard response in worst case orientation0. Note that the C's selected were adjusted proportionately to RTI'"). 
No operation
'R -recessed sprinkler; ' C -concealed sprinkler; ' RSW -recessed sidewall on south wall. 'Sprinkler mounted with frame arms parallel to the ceiling flow generated by the fxe. "Calculation based on RTI=125 (ms)% ; C= 2.0 (m/s)*. ""Calculation based on RTI=600 (ms)" ; C= 5.0 (m/s)*.
RTI in (m.s)"; C in (ids)".
In Table 3 , performance was deemed acceptable if sprinkler response was no greater than the maximum response at either of the upper sensitivity limits. In the case in which the calculation indicated that no operation would occur and the fire test indicated that no operation occurred, as at the far position in Test 3, the result was considered indeterminate. The results shown in Table 4 for sprinklers A (worst case orientation), B (worst case orientation), and C are acceptable, while those for sprinkler J are unacceptable. Note that sprinkler A and sprinkler B are acceptable as a fast response and a standard response sprinkler, respectively, because the results of both the standard orientation (Table 2 ) and worst case orientation ( The h a 1 mounting plate design is shown in Figure 3 . Notable features of the plate design include a plenum, a 1 % in. (nominal 32 mm) threaded coupling whose length within the plenum can be varied to accommodate the various geometries of RF&C sprinklers, a 64 mm diameter sprinkler installation hole in a marinite plate housed inside a steel frame, a vacuum port in the plenum for generating a flow from the plunge tunnel test section though the plenum, and pressure ports to measure the differential pressure between the plenum and the plunge tunnel test section. Figure 3 . Schematic of mounting plate with plenum. "Threaded Coupling" connects an air hose fitting at the upper end to a sprinkler fitting at the lower end. Note: All dimensions in cm unless otherwise noted.
During the f i e tests it was observed that a positive ceding pressure was generated by the fires relative to the space above the ceiling. For comparison, the pressure of the tunnel test section was measured under a variety of test conditions. The tunnel pressures are significantly negative in contrast to the slightly positive pressures observed in the fire tests. In order to investigate the effect of the negative pressure, Model I (a concealed sprinkler with a fast response link) was introduced into the plunge tunnel using the new mounting plate without the vacuum connection in the plenum. Tunnel conditions of 128" C and 1 m/s were selected from among conditions for which the tunnel has been calibrated to approximate iire Test 2, in which the average gas velocity near the sprinkler was 0.7 m/s, and the average gas temperature after the initial temperature rise was 137" C. Model I responded at the far location in 297 s (Table 2 ). In the plunge test, however, Model I failed to respond during a 1200 s period, after which the plunge test was aborted. The negative pressure for this condition was 0.045 mm Hg. From this result, it was judged that the residual negative pressure persisting in spite of the plenum may have adversely affected response.
Based upon the previous result and other sprinkler testing(12), it was felt that any flow through the sprinkler housing which resulted from f i e generated ceiling pressures needed to be simulated in the plunge test. This was found to be true even in the case of recessed sprinklers in which the only openings through the housing were small openings at the contact point between the outer recess cup and the inner plate holding the sprinkler. Simulation of flow through the sprinkler housing was accomplished with the aid of the vacuum port and differential pressure ports as in the final mounting plate design. Plunge tunnel conditions were set at 128" C and 1 m/s. Having developed a viable mounting plate, the next step in the program was to test the sprinklers used in the fire test program at various plunge test conditions. At each plunge test condition, the response of the RF&C sprinkler was compared with the maximum allowed response time for either standard or fast response sprinklers using the maximum allowed RTI, C allowed under ISO"), and actuation temperature based on the actual temperature rating plus 3.5% (in units of O F ) .
Nine plunge conditions were investigated. These are listed in Table 4 . The pressure at the ceiling is expected, for a given room geometry, to be proportional to the temperature difference between the ceiling layer temperature and the ambient conditions above the ceiling and inversely proportional to the absolute temperature of the ceiling layer. Therefore, the differential pressures at higher gas temperatures than 128" C were scaled and the results are listed in Table 4 . The plunge test results and analysis are discussed in the following sections. Model sprinklers A through J were tested using the new mounting plate under the flow conditions shown in Table 4 . Each model sprinkler was typically tested three times at each tunnel condition and sprinkler evaluations were based upon the average response time. Sprinklers with solder links were tested with the plane of the frame arms perpendicular to the flow with the link in the downstream position. In the case of sprinklers with bulb actuation links, some conditions were tested with the plane of the frame arms perpendicular to the flow (ISO'5' standard orientation), parallel to the flow (ISO'5) worst case orientation), and with an angular offset from the worst case orientation of 15" or 25", as required by ISO(') for plunge testing of standard or fast response sprinklers, respectively.
In order for a given sprinkler model to be acceptable, the proposition was considered that the plunge test response times for conditions in Table 4 , be less than or equal to the response times that would be calculated using the thermal response model defined by Eq. (1) and the upper limits of RTI and C allowed under ISO. For plunge test conditions the solution of Eq. (1) is:
where variables are defined as in Eq. (I), and the actuation temperature is denoted as T,. For standard response, times were calculated for RTI = 350 (ms)", C = 1.0 (m/s)' and for RTI = 250 (ms)", C = 2.0 (ds)". Fast response calculations were made for RTI = 50 (ms)", C = 0.8 (m/s)"and RTI = 30 (ms)%, C = 1.0 (m/s)%). In addition, response times were calculated for worst case orientation, including RTI = 600 (ms)", C = 5.0 (ds)" for standard response and RTI = 125 (ms)", C = 2.0 ( d s ) % for fast response. Actuation temperatures were taken as 77" C and 71" C, corresponding to the upper tolerance for 74" C and 68" C temperature rated sprinklers used in the program. Note that for some plunge test conditions, no solution to Eq. (2) exists (t, = m ) , indicating that sprinkler actuation would not occur for these conditions.
The results of the plunge tests were consistent with the conclusions of the fire tests if performance is deemed acceptable when the sprinkler response is less than the greatest allowed response time for all the selected plunge test conditions (Table 4 ). This was true for sprinklers tested in either the standard orientation on in the worst case orientation (sprinklers A and B in fire Tests 9 and 12, respectively). Sprinklers B, C, D, and I qualified as standard response sprinklers. Sprinkler A qualified as a fast response sprinkler. As also concluded from the fire tests, sprinklers H and J were unacceptable. A l l of the plunge test conditions were not completed for sprinkler G and therefore no final evaluation was made. Some typical plunge test results are shown in Table 5 . 
